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性能优越的 Si基高效发光材料与器件的制备一直是Si基光电集成电路中最具挑战性的课题之一. Si基
Ge材料不仅与成熟的硅工艺相兼容, 而且具有准直接带特性, 被认为是实现Si基激光器最有希望的材料. 对
Si基Ge材料N型掺杂的研究有利于提示出其直接带发光增强机理. 本文研究了N型掺杂 Si基Ge材料导带
电子的晶格散射过程. N型掺杂 Si基Ge材料具有独特的双能谷 (  能谷与L能谷)结构, 它将通过以下两方
面的竞争关系提高直接带导带底电子的占有率: 一方面, 处于  能谷的导带电子通过谷间光学声子的散射方
式散射到L能谷; 另一方面, 处于L能谷的导带电子通过谷内光学声子散射以及二次谷间光学声子散射或者
直接通过谷间光学声子散射的方式跃迁到  能谷. 当掺杂浓度界于 1017 cm 3到 1019 cm 3时, 适当提高N
型掺杂浓度有利于提高直接带  能谷导带底电子占有率, 进而提高Si基Ge材料直接带发光效率.
关键词: 双能谷效应, 晶格散射, Si基Ge材料, 声子






























 国家自然科学基金青年基金 (批准号: 61604041)、福建省自然科学基金青年基金 (基金号: 2016J05147)、福建省教育厅 2017年高校
杰出青年科研人才培育计划项目和福建工程学院校科研启动基金 (批准号: GY-Z14073)资助的课题.
† 通信作者. E-mail: haoshihuang@126.com
© 2018 中国物理学会 Chinese Physical Society http://wulixb.iphy.ac.cn
040501-1














述. 具体地, 对于Ge有三个声学波 (两个横声学波,
TA和一个纵声学波, LA)和三个光学波 (两个横光
学波, TO 和一个纵光学波, LO). 格波的能量是量
子化的, 量子化的能量称为晶格振动能量的量子或
声子. 声子是玻色子, 不具有物理动量, 但是携带







期势的附加势可以写成V (x; t), 则系统的哈密
顿量可以写成H = H0 + V (x; t), 其中H0为无
微扰时的哈密顿量, 通过求解含时薛定谔方程:




Vac(x; t) = r  uac(x; t); (1)




= aqe sin(q  x  !qt)
=   iaq
2








e  q[ ei(qx !qt) + e i(qx !qt)]: (3)
对于光学声子散射, 其附加势可以写成:




[ ei(qx !qt) + e i(qx !qt)]; (4)
式中Do为光学形变势参数, aqo为振幅, uo(x; t)为
不等价原子之间的相对位移.
2.1 直接带 能谷谷内声子散射
在直接带 能谷中, 由于横波e?q, e  q = 0,
不产生形变势, 所以TA声子不参与散射, 对于纵
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表 1 本文相关参数及其数值
Table 1. Parameters for the lattice scattering in n-type Ge-on-Si.
参数 符号 数值 单位 参考文献
  能谷形变势参数  d  8.97 eV [17]
玻尔兹曼常数 kB 1.38 10 23 J/K [16]
温度 T 300 K [16]
普朗克常数 h 1.054 10 34 Js [16]
纵向弹性模量 CL 1.508 1011 N/m2 [17]
直接带导带有效质量 m  0.042m0 kg [18]
L能谷伸长形变势参数 Ld  4.43 eV [18]
L能谷剪切形变势参数 Lu 16.8 eV [18]
导带L能谷横向有效质量 mk 1.64 m0 kg [17]
导带L能谷纵向有效质量 m? 0.08 m0 kg [17]
L能谷谷内光学形变势参数 Do 5.5 108 eV/cm [19]
Ge材料体密度  5.32 g/cm3 [18]
L能谷谷内光学声子能量 ~!o 37.04 meV [18]
谷间光学形变势参数 D L 4.0 108 eV/cm [17]
等价能谷数量 Nval 4 — [16]
谷间光学声子角频率 ! L 4.11 1013 Hz [17]



























































































n(! L)N(Ek  E L + ~! L)








































































































图 1 直接带   能谷LA声子 (a)散射率随电子能量的变化, (b) 散射时间随电子浓度的变化
Fig. 1. (a) scattering rates as a function of the energy and (b) average scattering time as a function of the
n-type doping concentrations in the case of   valley for longitudinal modes.
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图 2 L能谷LA, TA声子 (a)散射率随电子能量的变化, (b)散射时间随电子浓度的变化
Fig. 2. (a) Scattering rates as a function of the energy and (b) average scattering time as a function of the
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图 3 间接带L能谷谷内光学声子 (a)散射率随电子能量的变化, (b)平均散射时间随电子浓度的变化
Fig. 3. (a) scattering rates as a function of the energy and (b) average scattering time as a function of the














如图 4 . 同样, 电子能量越高, 散射率越大. 相比于
吸收谷间光学声子散射, 电子在 能谷更倾向于发
射谷间光学声子跃迁到L能谷. 当电子浓度大于












能谷电子的平均弛豫时间如表 2和表 3所列. 文
献 [21, 22]采用透射实验的方法测量到体Ge材料
电子从  能谷散射到L能谷的谷间散射时间为
(23025) fs; 文献 [23]报道了Ge/SiGe量子阱系统
中电子从 能谷散射到L能谷的谷间散射时间为
185 fs. 本文计算得到 能谷到L能谷的谷间散射
时间为216 fs, 与文献报道值一致, 进一步证实了本
文计算结果的正确性.
040501-5

























1016 1017 1018 1019 1020
????/cm-3























图 4 谷间光学声子 (a)散射率随电子能量的变化, (b)散射时间随电子浓度的变化
Fig. 4. (a) Scattering rates as a function of the energy and (b) average scattering time as a function of the
n-type doping concentrations in the case of inter-valley processes for optical phonon scattering.
表 2 L能谷电子平均弛豫时间比较
Table 2. Comparison of average scattering time for acoustic and optical phonon scattering in the case of L
valleys.
LA声子 TA声子 发射谷内光学声子 吸收谷内光学声子
散射时间/fs 342 352 2360 5920
表 3   能谷电子平均弛豫时间比较
Table 3. Comparison of average scattering time for acoustic phonon scattering in   valley and for inter-valley
optical phonon scattering from   valley to L valleys.
发射谷间光学声子 吸收谷间光学声子   能谷LA声子
散射时间/fs 304 748 5423













图 5 (a) L能谷电子散射机制示意图; (b)   能谷电子散射机制示意图
Fig. 5. Schematically illustrate the phenomenon of carrier scattering in (a) L valleys and (b)   valley.
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Abstract
Silicon-based light emitting materials and devices with high efficiency are inarguably the most challenging elements
in silicon (Si) photonics. Band-gap engineering approaches, including tensile strain and n-type doping, utilized for
tuning germanium (Ge) to an optical gain medium have the potential for realizing monolithic optoelectronic integrated
circuit. While previous experimental research has greatly contributed to optical gain and lasing of Ge direct-gap, many
efforts were made to reduce lasing threshold, including the understanding of high efficiency luminescence mechanism
with tensile strain and n-type doping in Ge. This paper focuses on the theoretical analysis of lattice scattering in
n-type Ge-on-Si material based on its unique dual-valley transition for further improving the efficiency luminescence
of Ge direct-gap laser. Lattice scattering of carriers, including inter-valley and intra-valley scattering, influence the
electron distribution between the direct   valley and indirect L valleys in the conduction of n-type Ge-on-Si material.
This behavior can be described by theoretical model of quantum mechanics such as perturbation theory. In this paper,
the lattice scatterings of intra-valley scattering in   valley and L valleys, and of inter-valley scattering between the
direct   valley and L valleys in the n-type Ge-on-Si materials are exhibited based on its unique dual-valley transition
by perturbation theory. The calculated average scattering times for phonon scattering in the cases of   valley and L
valleys, and for inter-valley optical phonon scattering between   valley and L valleys are in agreement with experimental
results, which are of significance for understanding the lattice scattering mechanism in the n-type Ge-on-Si material.
The numerical calculations show that the disadvantaged inter-valley scattering of electrons from the direct   valley to
indirect L valleys reduces the electrons dwelling in the direct   valley slightly with n-type doping concentration, while
the strong inter-valley scattering from the indirect L valleys to indirect   valleys increases electrons dwelling in the direct
  valley with n-type doping concentration. The competition between the two factors leads to an increasing electrons
dwelling in the direct   valley with n-type doping in a range from 1017 cm 3 to 1019 cm 3. That the electrons in the
indirect L valleys are transited into the direct   valley by absorbing inter-valley optical phonon modes is one of the
effective ways to enhance the efficiency luminescence of Ge direct-gap laser. The results indicate that a low-threshold
Ge-on-Si laser can be further improved by engineering the inter-valley scattering for enhancing the electrons dwelling in
the   valley.
Keywords: unique dual-valley transitions, lattice scattering, Ge-on-Si, phonon
PACS: 05.50.+q, 63.20.–e, 81.05.Cy DOI: 10.7498/aps.67.20171413
* Project supported by the National Natural Science Foundation of China (Grant No. 61604041), the Natural Science
Foundation of Fujian Province of China (Grant No. 2016J05147), Training Program for Outstanding Youth Scientific
Research Talents of the Education Department of Fujian Province in 2017, and the Science Research Foundation of Fujian
University of Technology, China (Grant No. GY-Z14073).
† Corresponding author. E-mail: haoshihuang@126.com
040501-8
